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Abstract 
The ignition and combustion behaviour of single droplets of slurry fuels made from a coconut shell biochar was 
experimentally investigated. The slurry fuels were prepared with water content varying from 50 to 70wt% and the 
median particle size (D50) of the biochar of approximately 10µm. The suspended single droplets of the slurry fuels 
were ignited and burned in air at 1023K. The ignition delay time, burnout time and burning rate were measured. It 
was found that the ignition delay time slightly increased as the water content increased from 50wt% to 65wt% but 
then decreased as the water further increased to 70wt%, indicating that the effect of water content on the ignition 
delay time is a trade-off between the water evaporation time and biochar oxidation rate. Increasing droplet size or 
decreasing water content led to longer burnout times of residual biochar. The burning rate of the residual biochar 
decreased with increasing the droplet size or decreasing water content. 
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1. Introduction 
Biochar is a carbon rich product yielded from the pyrolysis of biomass [1]. Burning biochar in the 
form of water slurry fuels in diesel engines for power generation is a most feasible and promising means 
for bioenergy production, which is particularly suitable for remote and small scale power generation [1]. 
Suspending fine biochar particles in water or organic liquids will form biochar slurry fuels, which are 
similar to the coal water slurry (CWS) or coal oil slurry (COS) fuels [2-11]. The previous studies at the 
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Centre for Energy of the University of Western Australia (UWA), have been devoted to the preparation of 
biochar based slurry fuels and the understanding of their rheological and physical properties [2-4]. It has 
been found that biochar is extremely hydrophobic, thus making slurry fuels very unstable. With the use of 
proper dispersants and adjustment of the weight percentage of water in the slurry fuels, homogeneous 
slurries of biochar-water with sufficiently high biochar loading and low apparent viscosity can be made 
[2-4]. 
The current study aimed to understand the ignition and combustion characteristics of biochar slurry 
fuels pertinent to real applications such as in diesel engines. The single droplet experimentation approach 
has been adopted [12]. The effect of water content and droplet size on the ignition delay time, burnout 
time and burning rate of the droplets of slurry fuels was studied in detail. 
2. Experimental 
A biochar made from coconut shell was chosen in the present work. The coconut shell biochar was 
obtained from Indonesia, where the biochar was produced by torrefaction at 573K. The proximate 
analysis of the biochar is given in Table 1. The biochar was milled using a high energy SPEX80000 mill 
for 60 minutes and then sieved into the particle size fraction less than 30µm with the median particle size 
(D50) of around 10 µm. To prepare the slurry fuels, an appropriate amount of a surfactant was firstly 
dissolved into a given mass of water to form a surfactant solution. Slurry fuels with water content ranging 
from 50wt% to 70wt% were then prepared using these surfactant solutions, with the amount of surfactant 
roughly equaled to 0.2wt% of the dry biomass weight. All slurry fuels were thoroughly stirred to maintain 
their uniformity using a digital sonicator before the single droplet combustion experiment. 
Table 1 Proximate analysis of the coconut shell biochar 
Proximate (wt%) Volatile Matter (db) Fixed carbon (db) Ash (db) Moisture (ar) 
 12.54 79.68 7.78 4.87 
 
The single droplet combustion experiments of slurry fuels were carried out using an experimental 
setup described in our previous publications [12]. In a typical experiment, the droplet was suspended on 
the tip of a silicon carbide fibre of 142µm in diameter and delivered into a tube furnace at temperature of 
1023K. A high speed CCD camera (Basler PIA-210gc) with exposure time of 50ms was used to capture 
images of the ignition and combustion processes from the moment when the droplet entered the furnace 
until it burned out. To determine the change of droplet size during ignition and combustion processes, the 
burning droplet was backlit with a 50W halogen lamp. The ignition delay time was defined as the time 
from the moment when the droplet entered the furnace to the moment when ignition occurred. Ignition 
was regarded to have occurred when the first visible flash appeared on the surface of solid residue [13-15]. 
Upon ignition, the solid residue started to burn and the total combustion duration was defined as the 
burnout time. The burning rate of the residual solid was calculated using the following equation [11]: 
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where is the initial droplet diameter in mm, the width of the silicon fibre (mm),  the density of 0d fd ρ
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the fuel (g mm-3), and is the fixed carbon content in the fuel (%). 
3. Results and discussion 
3.1. Ignition and Combustion Phenomena 
Figure 1 shows the time sequence of typical images of a burning droplet of the slurry fuel with 50wt% 
water content. It is seen that the ignition and combustion processes of the slurry fuel consisted of two 
distinctive stages: (1) Ignition: the ignition of the droplet occurred 6 seconds after the droplet arrived at 
the centre of the furnace (No. 3). The ignition process involved a few steps including water evaporation, 
devolatilisation and oxidation of the biochar in the droplet. Noted that it was heterogeneous ignition for 
the biochar slurry [13-16], due to the relatively low content of volatile matter in the biochar; (2) Burning 
of residual solid: Upon ignition of the droplet, the resulting solid residue burned subsequently. The 
combustion of the solid residue was lengthy and bright, lasting ca.10s (Nos. 3-8). The brightness of the 
solid residue decreased towards the end of the combustion (No. 8). It was also observed that as the 
combustion proceeded, some tiny cracks were observed (Nos. 5-8) on the surface of the solid residue, 
which were believed to be the ash residues after the combustion. The ash formed peeled off the solid 
residue, leading to a decrease of the size of the solid residue. Extinction of the combustion occurred at 
16.2s when there was still some ash deposited on the fibre, which is reasonable as the ash content of the 
biochar is quite high as seen in Table 1. 
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Figure 1 Typical images of a burning droplet of the slurry fuel with 50wt% water content (d0=1.05mm) 
 
Figure 2 The size variation of the droplet as a function of heating time 
 
Figure 2 presents the time-dependent size variations of droplets of slurry fuels with different water 
content with the initial droplet size of ca.1mm. For all the droplets, the droplet size slightly decreased in 
the first few seconds after the droplets arrived at the centre of the furnace. This is mainly due to the 
cR
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evaporation of water contained in the droplets. After that, the droplet size remained constant as the 
heating time continued to increase until ignition occurred. This implies that when the evaporation process 
came to the end, the oxidation of the residual solids of the slurry fuels mainly occurred on the surface and 
would not result in changes of the droplet size. Upon ignition, the droplet size started to drop and 
continued to decrease but the final diameters of the droplets did not diminish to zero because of the ash 
residues attached on the fibre. It was also evident that the size of the residual solids decreased almost 
linearly with time after ignition, suggesting that the burning of the residue solid followed a shrinking size 
model [17, 18], which is similar to the combustion of single particles of biochar. 
3.2. Ignition Delay Time 
Figure 3 shows the ignition delay time of droplets of the slurry fuels with various water content 
against the initial droplet diameter. It is clear that the ignition delay time increased as the droplet size 
increased, which suggests that the ignition process of droplets was controlled by the external heat transfer 
from ambience to the droplet [17, 19]. It is also seen that, when the water content in the slurry fuels 
increased from 50% to 70%, the ignition delay time initially increased then decreased. The effect of water 
on the ignition delay time has two folds. On the one hand, the water evaporation time is longer with more 
water contained in the droplet, which results in longer ignition delay time [20]. On the other hand, the 
reactivity of the biochar after water evaporation may change as the water content varies [5, 7, 21]. It was 
found in the current study as discussed in Section 3.3 that the oxidation rate of biochar was higher when 
the water content in the slurry fuels was higher, which resulted in shorter ignition delay time. Therefore, 
the effect of water content on the ignition delay time is a trade-off between the evaporation rate of water 
and the oxidation rate of biochar. 
 
Figure 3 Ignition delay time of single droplets of the slurry fuels against initial droplet size 
3.3. Burnout time and burning rate 
Figure 4 (a) shows the dependence of burnout times of the residual solids on the droplet size at the 
moment when ignition occurred. It is clear that increasing the droplet size led to longer burning time. At a 
given droplet size, as water content in the slurry fuels increased, the burning time decreased. This is 
reasonable as the higher the water content, the lower the particle loading in the slurry fuels, thus a shorter 
burnout time. Figure 4 (b) shows the relation between the apparent burning rate of the residual solid after 
ignition and the droplet sizes at the moment when the ignition occurred for the slurry fuels with different 
water content. Obviously, the burning rates of the residual solid decreased as the droplet size increased, 
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suggesting that the combustion process of the residual solid was controlled by diffusion [17]. The burning 
rates of residual solids were slightly higher when the water content in the slurry fuels was higher. It has 
been reported that in the slurry fuels, water joined the isolated solid particles into agglomerates and the 
shape of agglomerates remained almost unchanged after water evaporation [5]. The specific surface areas 
of the agglomerates were larger when the water content was higher in the slurry fuels [5], which enhanced 
the diffusion of oxygen into the droplet. Consequently, the burning rates of the residual solids increased. 
  
Figure 4 (a) Burnout times and (b) burning rates of solid residues of the slurry fuels with various water contents against droplet size 
4. Conclusions 
The ignition and combustion characteristics of single droplets of biochar water slurry fuels were 
studied. The ignition and combustion processes of the slurry fuel involved water evaporation, 
heterogeneous ignition followed by the combustion of residual biochar. The ignition delay time increased 
with increasing the droplet size. The ignition delay time increased first with increasing the water content 
from 50wt% to 65wt% but decreased as water content was further increased to 70wt%. The burnout time 
of residual biochar was longer for larger droplet sizes or lower water contents. The combustion of the 
residual biochar was diffusion controlled under the experimental conditions tested and the burning rate 
decreased decreasing water content due to enhanced oxygen diffusion into the droplet. The results would 
have important implications in the understanding of ignition and combustion mechanisms of biochar 
slurry fuels. 
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